termination of the regenerative process through negatively regulating hepatocyte growth. 6 For example, it is well-known that TGFβ inhibits hepatocyte proliferation both in vitro and in vivo. 7 Extracellular matrix (ECM) components were considered to be essential for the proper termination of LR. 8 PPARγ would inhibit hepatocyte proliferation once the cell number is sufficient. 9 In addition, the study from
Oakley et al 10 suggested that neurotrophins (NTs, consisting of NGF, BDNF, NT3 and NT4/5) may play a role in hepatic regeneration because of their elevated expressions in both mRNA and protein levels in association with hepatocyte proliferation after partial hepatectomy (PH) in mice. Moreover, Asai and his coworkers demonstrated that NGF produced by regenerating hepatocytes could induce apoptotic death of activated HSCs via the receptor p75NTR, thus leading to the termination of LR. 11 In earlier study, we thoroughly analysed the changes in genome-scale gene expression during LR in a rat 2/3 PH model and found that PLCG2 gene was significantly upregulated at the termination phase of LR (Table S1 ). And PLCG2 was referred as an important gene for the termination of LR according to the result of systems biology analysis.
PLCG2 encodes phospholipase C gamma 2 (PLCγ2), one member of the PLCγ subfamily including PLCγ2 itself and PLCγ1, 12 and is responsible for the hydrolysation of phosphatidylinositol to generate diacylglycerol (DAG) and inositol 1,4,5-trisphosphate (IP 3 ) upon activation. IP 3 mediates Ca 2+ signalling, while DAG activates protein kinase C (PKC)-mediated signalling, 13 which is further involved in various cellular processes such as proliferation, differentiation and immunity. response. 16 Zhang et al 17 also reported the important role of the translocation and upregulation of PLCγ2 in TPA-induced apoptosis in gastric cancer cells. Nevertheless, the function of PLCγ2 on hepaotcyte growth and the underlying mechanisms remain unclear.
PKC is a family of enzymes which are subgrouped into three classes, including the classical, novel and atypical. The activation of classical (α, β and γ) and novel PKCs (δ, ε, θ and η) mainly rely on phospholipids, whereas atypical PKCs (ζ, ι and λ) do not require these lipids. 18 It is noteworthy that different PKC isoforms somewhat differ in their biological functions. For example, many studies have suggested the involvement of PKCD in the activation of both p38 MAPK in heart failure 19 and JNK MAPK pathway in mitochondria-dependent hepatic cell apoptosis. 20 p38 and JNK MAPK signalling pathways are two important intracellular signalling pathways which have been proved to be tightly associated with tumour cell apoptosis. 21, 22 On the whole, as mentioned above, PLCγ2 induces cell apoptosis or growth inhibition in some cancers, such as gastric cancer and lymphoma. 17, 23 However, whether
PLCγ2 is involved in hepatocyte apoptosis via PKCD-dependent p38 or JNK MAPK signalling pathways remains to be elucidated.
Based on the abovementioned studies, the present study aimed to discuss the effects of PLCγ2 gene overexpression on hepatocytes and to investigate the possible molecular mechanisms underlying these effects. Our study found that PLCγ2 inhibited proliferation and promoted apoptosis in rat hepatocytes in vitro and that the activation of PKCD/p38 and PKCD/JNK signalling might be involved in these processes. These results offer a new insight for comprehensively understanding the mechanism of LR termination.
| MATERIALS AND METHODS

| Materials
An empty adenovirus expressing green fluorescent protein (Ad-GFP) and a recombinant adenovirus expressing PLCγ2 (Ad-PLCγ2) with GFP were constructed in our earlier study. Collagenase IV and MTT were obtained from Sigma (San Francisco, USA). 0.25% trypsin was obtained from Gibco (Grand Island, USA). DNaseIwas obtained from
Roche (Indianapolis, USA). Hepatocyte growth factor (HGF) was obtained from PeproTech (Rocky Hill, USA). The TRIzol reagent was purchased from Aidlab (Beijing, China). The semi-quantitative RT-PCR reagents were purchased from Genecopoeia (Rockville, USA). The
RT-qPCR reagents were purchased from VAZYME (Nanjing, China).
The PKCD inhibitor Go 6983 was purchased from Selleck (Houston, UK). Rabbit anti-PLCγ2, anti-p38 and anti-p-p38 antibodies were 
| Methods
| Isolation and primary culture of hepatocytes from rat liver
The hepatocytes were isolated and purified from Sprague-Dawly (SD) rats by two-step collagenase perfusion, filtration and centrifugation (50 × g for 5 minutes). The cell viability was between 96% and 98%, as determined by trypan blue staining. The isolated hepatocytes were cultured in DMEM supplemented with 10% FBS and 5 ng/mL HGF.
The cell concentration was adjusted to approximately 1.5 × 10 6 cells/ mL, and the cell suspension was plated in a 24-well plate in a humidified atmosphere with 5% CO 2 at 37°C. After 4 hours, the cultures were washed three times and incubated for an additional 24 hours in the culture medium as mentioned above. The medium was replaced with fresh culture medium every 2 days for 6-7 days. Morphological changes in hepatocytes of rats were observed under an inverted microscope. β-Actin was used as an internal control. The primers were designed according to gene sequence and were synthesized by Beijing Qing Ke Biotech Corp ( Table 1 ). The data were analysed according to the 2 −ΔΔCt method. The mRNA levels were normalized to β-Actin. Three independent experiments were performed for each group.
| Adenovirus transfection and grouping
| Western blot assay
Briefly, primary rat hepatocytes with different treatments were lysed with ice-cooled RIPA buffer containing PMSF (100 mmol/L) for 30 minutes and centrifuged (10000 × g) for 5 minutes at 4°C, and finally the supernatants were collected. The concentration of total protein was determined by the BCA assay. An equal amount of the cell extracts was separated on SDS-PAGE gels (5% concentration gel, 10% separation gel) and then transferred onto PVDF membranes.
After blocking with 5% non-fat dried milk in TBST for 2 hours at room temperature, the membranes were probed with the rabbit anti-PLCγ2 (1:200 dilution) primary antibody and incubated at 4°C overnight. HRP-conjugated secondary antibodies were added at a dilution of 1:50000 followed by an incubation at 37°C for 2 hours. β-Actin served as an internal reference. The blots were developed with ECL (Thermo, Waltham, USA) and were exposed to X-ray film. Three individual experiments were performed for each group.
| Immunofluorescent staining
First, the cells were fixed with 4% paraformaldehyde for 15 minutes to enhance membrane permeability with 0.3% Triton X-100. After Corporation, Tokyo, Japan). and 72 hours, 20 μL of MTT reagent (5 mg/mL) was added to each well, and the mixture was cultured for another 4 hours. The MTT solution was removed and 150 μL of DMSO was added to dissolve the formazan crystals, followed by the measurement at 568 nm using a microtiter plate reader (Thermo, USA). The percentage of cell viability was calculated using the following formula: the absorbance of test wells/the absorbance of control wells × 100%.
| Cell viability assay
| Cell cycle and apoptosis analysis
Cell cycle and apoptosis were evaluated using flow cytometry (FCM) method. Briefly, the cells were seeded in a 6-well plate at a den- 
| Caspase-3,-8 and -9 activity assay
Caspase-3, -8, and -9 activities were determined by measuring the absorbance at 405 nm after the cleavage of the synthetic substrate
Ac-DEVD-pNA. In detail, the cells were collected and lysed on ice for 30 minutes in cell lysis buffer. A total of 50 μL of lysates was reacted with 10 μL of Ac-DEVD-pNA (2 mmol/L) and 40 μL of reaction buffer.
The mixtures were maintained for 1 hour at 37°C and subsequently analysed by a microtiter plate reader (Thermo, USA). The enzyme activity was determined from a standard curve prepared using ρNA. The relative level of pNA was normalized against the protein concentration for each extract.
| PKCD/p38 and PKCD/JNK pathway activity assay
After 48 hours of infection, the PKCD/p38 and PKCD/JNK pathway activities were evaluated through detecting expression levels of total PKCD, p38, JNK1/2, and p-PKCD, p-p38, p-JNK1/2 in the cells from each group using Western blot method. The detailed procedure was the same as described above. The dilutions of the primary antibodies rabbit anti-PKCD, p38, JNK1/2, p-PKCD, p-p38 and p-JNK1/2 were 1:1000, 1:1000, 1:1000, 1:1000, 1:1000 and 1:3000, respectively. The secondary antibody IgG coupled to HRP was diluted to 1:50000. Three separate experiments were performed for each group.
| Inhibition of a PKCD inhibitor on p38 and JNK activities and its effect on PLCγ2-regulated growth of hepatocytes
The cells were pre-treated with 10 μM Go 6983(PKCD inhibitor)for 
| Statistical analysis
The data are expressed as the means ± standard deviation (SD).
A one-way analysis of variance (ANOVA) was used to analyse the differences between groups, and the LSD method of multiple comparisons was used when the probability for ANOVA was statistically significant using SPSS 17.0. Statistical significance was set at P < .05.
| RESULTS
| PLCγ2 is successfully overexpressed in rat hepatocytes
To identify the role of PLCγ2 in hepatocytes, the recombinant adenovirus Ad-PLCγ2 was used to infect primary rat hepatocytes. In the present study, the infection efficiency of Ad-PLCγ2 in rat hepatocytes was >90% under fluorescence microscopy ( Figure 1A ). In addition, semi-quantitative RT-PCR ( Figure 1B ), RT-qPCR ( Figure 1C) and western blot assays ( Figure 1D ) were performed to measure the expression level of PLCγ2 after 24 hours of infection. An obvious increase in PLCγ2 expression was observed in the Ad-PLCγ2 group compared with the control and Ad-dull groups (P < .01 and P < .05) in F I G U R E 1 PLCγ2 was overexpressed in rat hepatocytes. (A) Constructed adenovirus vector Ad-PLCγ2 was used to infect rat hepatocytes. The infection efficiency of Ad-PLCγ2 (MOI = 100) in the hepatocytes was >80% under fluorescence microscopy. (B) RT-pCR, (C) RT-qPCR and (D) Western blot assays were used to measure the expression of PLCγ2, which showed an obvious increase in PLCγ2 expression in the Ad-PLCγ2 group compared with the Ad-dull and blank groups (**P < .01 and * P < .05 vs the Ad-dull and blank control groups). No difference was found between the Ad-dull and blank control groups (P > .05). (E) Immunofluorescence assay was carried out to observe the distribution and expression intensity of PLCγ2 in rat hepatocytes. PLCγ2 was distributed throughout the cytoplasm and its intensity was obviously increased in the Ad-PLCγ2 group compared with the Ad-dull and control groups the hepatocytes. Additionally, the result of immunofluorescence assay demonstrated that PLCγ2 was uniformly localized in the cytoplasm of rat hepatocytes, and the fluorescence intensity in Ad-PLCγ2 group was significantly higher than the blank control and Ad-dull groups.
These data indicated that PLCγ2 was successfully overexpressed in hepatocytes.
| PLCγ2 inhibits cell viability of rat hepatocytes
To study the effect of PLCγ2 on cell growth, the rat hepatocytes were treated with Ad-PLCγ2 for 24, 48 and 72 hours, and cell viability was assessed by MTT method. As shown in Figure 2A , the viability of Ad-PLCγ2-treated hepatocytes was significantly inhibited at 48 hours (P < .01) when compared with the Ad-dull and blank control groups. And there was no significantly difference (P > .05) in the cell viability between the Ad-dull group and the control group.
Therefore, we selected 48 hours as the time-point for the remaining experiments.
| PLCγ2 induces cell cycle arrest in rat hepatocytes
Regulation of cell cycle progress directly influences and determines the process of cell proliferation. FCM analysis was used to detect the cell cycle distribution after PLCγ2 was overexpressed ( Figure 2B ). The result showed that PLCγ2 expression decreased the percentage of rat hepatocytes in the S phase from (16.10 ± 0.94)% to (11.23 ± 0.89)% (P < .05) compared to the control group, and increased the percentage of G1 phase from (76.64 ± 0.32)% to (83.02 ± 0.45)% (P < .05) compared to the control group.
| PLCγ2 stimulates apoptosis of rat hepatocytes in vitro
To evaluate cell apoptosis in rat hepatocytes after treatment with Ad-PLCγ2, FCM assay and caspases activity detection were performed.
In Figure 3A , it was shown that, after treatment with Ad-PLCγ2 for 48 hours, the apoptotic rate of rat hepatocytes was significantly increased from (8.47 ± 0.41)% to (14.95 ± 0.60)% (P < .01) compared to the Ad-dull group, and the Ad-dull group showed almost no change in the apoptotic rate when compared with the control group (P > .05).
Furthermore, caspase-3, -8 and -9 activities were examined to confirm whether PLCγ2 increased the activities of these caspases using Ac-DEVD-ρNA as a substrate, and the data showed a significant increase in caspase-3, -8 and -9 activities in rat hepatocytes after Ad-PLCγ2 infection (P < .05, Figure 3B ).
| PLCγ2 induces the activation of PKCDdependent MAPK signalling pathways in rat hepatocytes
It was previously reported that the activation of p38 and JNK MAPK signalling pathways was associated with cell apoptosis. To determine whether PLCγ2 expression is involved in the activation of PKCDdependent MAPK signalling pathway in rat hepatocytes, this study detected the phosphorylation of PKCD and MAPKs in the cell lysates of rat hepatocytes from different experimental groups by Western blot analysis. The result showed that PLCγ2 overexpression caused the enhancement of the phosphorylation levels of PKCD, p38 and JNK in rat hepatocytes (P < .01, P < .05 and P < .01, Figure 4A , B and C, respectively), preliminarily indicating that PLCγ2 promoted the activity of PKCD-dependent p38 and JNK MAPK signalling pathways in rat hepatocytes.
| Impact of a PKCD inhibitor on the activities of p38 MAPK and JNK MAPK
To investigate whether PKCD mediates the activation of p38 and JNK MAPK signalling pathways in PLCγ2-induced apoptosis of rat hepatocytes, the PKCD inhibitor Go 6983 was used to pre-treat primary rat
hepatocytes. Western blot analysis showed that the phosphorylation level of PKCD was significantly decreased (P < .05) in the Go 6983-pre-treated cells infected with Ad-PLCγ2, when compared with the Ad-PLCγ2 group ( Figure 5A ), suggesting the effective inhibition of Go 6983 against PKCD activity. Consistently, the PLCγ2-induced phosphorylation of p38 and JNK1/2 was also blocked by the PKCD inhibitor Go 6983 (P < .05, Figure 5B ).
| Impact of the inhibition of PKCD/p38 and PKCD/JNK signalling pathways on PLCγ2induced apoptosis of hepatocytes
To investigate the impact of PLCγ2 on hepatocyte growth when inhibiting the activation of the PKCD/p38 and PKCD/JNK pathways by the inhibitor Go 6983, firstly, we used the MTT method to measure the cell viability of Go 6983-pre-treated hepatocytes after 24, 48, 72 hours of infection with Ad-PLCγ2. As shown in Table 2 showed that the percentage of apoptotic cells was (22.93 ± 1.58)% in the Ad-PLCγ2 group, which was significantly higher (P < .01) than that in the control group, while the apoptotic rate of the cells in the Go 6983-pre-treated group markedly fell to (9.93 ± 1.20)% (P < .01 vs.
Ad-PLCγ2 group; Table 3, Figure 6B ).
Cell cycle progression in the PLCγ2-infected hepatocytes pretreated with or without Go 6983 was investigated using BrdU showed that Go 6983 pre-treatment significantly increased the Sphase cell fraction and reduced the G1-phase cell fraction (P < .01 F I G U R E 3 PLCγ2 induces apoptosis in rat hepatocytes in vitro. A, Rat hepatocytes were infected with Ad-PLCγ2 for 48 hours and were then analysed for apoptosis by flow cytometry. The percentage of apoptotic cells in rat hepatocytes for each group are quantified in the right panel (**P < .01 vs Ad-dull group). B, PLCγ2 expression stimulated the activities of caspase-3, -8 and -9 in rat hepatocytes. The cells were treated with adenovirus for 48 hours and the activities of caspase-3, -8 and -9 were determined by a spectrophotometry method as described in the Materials and Methods. **P < .01 vs Ad-dull group vs. the Ad-PLCγ2 group; Table 3 , Figure 6D ). These results demonstrated that Go 6983 significantly alleviated the PLCγ2-induced antiproliferative effect.
| DISCUSSION
The liver is highly susceptible to damage by physical and chemical factors. In essence, liver regeneration process is a protective mechanism by which liver tissue recovers from physical or chemical injury. 24 whereas the precise molecular mechanism of liver regeneration has not yet been clarified. In the earlier study, we found the significant upregulation of PLCγ2 gene at the termination phase of rat LR through a high-throughput gene profiling analysis (Table S1 ). Additionally, a recent study conducted by our lab showed that the knockdown of an endogenous PLCγ2 gene resulted in the enhanced proliferation and the decreased apoptosis in rat hepatocytes in vitro ( Figure S1 ). These data obtained from just only RNA interference technology suggest that PLCγ2 plays an important role in the end of LR via regulating hepatocyte growth. To further validate the role of PLCγ2 in hepatocytes, this study upregulated the expression of endogenous PLCγ2 gene, and investigated the F I G U R E 4 PLCγ2 activates the PKCD-dependent p38/MAPK and JNK/MAPK signalling pathways in rat hepatocytes. (A) The phosphorylation levels of PKCD, (B) The phosphorylation levels of p38 and (C) JNK in Ad-PLCγ2-infected hepatocytes were detected by Western blot analysis. The densitometric quantification data are shown in the right panel. **P < .01 and *P < .05 vs the Ad-dull and blank control groups anti-proliferative role and the underlying mechanism of this gene in hepatocyte growth. As PLCγ2 appears to be critical for controlling hepatocyte growth and is potentially associated with the development of liver cancer, our research supplies a valuable reference for the study of PLCγ2 in liver tumourigenesis.
PLCγ2 is one member of the PLCγ subfamily that cleaves PIP2 to generate the secondary messenger DAG, subsequently triggering PKC activation. 25 The PLCγ1 isoform, another member of the PLCγ subfamily, is ubiquitously expressed and is essential for embryonic development, while PLCγ2 is mainly located in the immune system and is critical in the development and maturation of haematopoietic lineage cells. 26 Evidences has proved that the absence of PLCγ2 gene could cause the defects in the differentiation of haematopoietic lineage. 27, 28 Additionally, the findings from some studies have suggested that PLCγ2 could induce apoptosis in some cancer cells, such as gastric cancer cells and the DT40 cell line. 17, 23 Similarly, our recent study found that silencing PLCγ2 could significantly increase the cell viability of rat hepatocytes ( Figure S2 ). Nonetheless, the biological basis for its effect and the exact role of this gene in hepatocyte growth has not been clarified.
In the present study, we first measured the expression of PLCγ2 blot analysis, and found an obvious increase in the expression level of
PLCγ2 when compared with the empty vector and the control groups.
Moreover, an immunofluorescence assay showed that the fluorescent intensity of PLCγ2 in rat hepatocytes from the Ad-PLCγ2 group was significantly higher than that in the Ad-dull and the control groups, suggesting the successful overexpression of this gene in hepatocytes.
Then, we investigated the effect of PLCγ2 on rat hepatocytes, and the result showed that PLCγ2 overexpression had a significant inhibitory effect on cell viability, which was consistent with the result of our earlier study. A possible explanation for the growth inhibition is cell cycle arrest or apoptosis induction. Interestingly, the results of our FCM analysis demonstrated that PLCγ2 overexpression caused the cell cycle arrest in G1 phase, leading to a decrease in proliferation ability.
It is well known that G1 phase is critical for the preparation for DNA F I G U R E 6 Go 6983 suppresses PLCγ2-induced apoptosis in rat hepatocytes. A, At the end of the 48-h incubation, the hepatocytes were stained with Hoechst 33258 and the morphological changes were observed by fluorescence microscopy. B, Cell apoptosis was assayed by flow cytometry. The cells in the presence or absence of Go 6983 were infected by Ad-PLCγ2 for 48 hours and were then analysed for the apoptosis index by flow cytometry. C, DNA synthesis was assayed by BrdU incorporation method. The hepatocytes pretreated with or without Go 6983 were infected with Ad-PLCγ2 for 48 hours and DNA synthesis in the cells was visualized by BrdU incorporation. D, Cell cycle was assayed by flow cytometry. The distribution of the cell cycle was analysed by FCM replication into S phase; therefore, the abnormity of this phase would irreversibly impact DNA replication in the cells and finally suppress the cell reproduction. 29 At the same time, this study also showed the apoptosis-inducing effect of PLCγ2 in rat hepatocytes. Flow cytometry analysis of apoptosis indicated a significantly increased apoptotic rate in the cells from the Ad-PLCγ2 group compared to that in the Ad-dull and the control groups. Caspases-8 and -9 are the most upstream components in the caspase cascade. The former is activated by cell membrane death receptors (DR) to trigger the DR-dependent extrinsic apoptotic pathway, whereas the latter is activated by cytochrome C released from the mitochondria to induce the mitochondriadependent intrinsic apoptotic pathway. 30 Caspase-3 is a downstream effector of the two apoptotic pathways and cleaves various cytoplasmic and nuclear substrates including DNA fragmentation factor and DNA-dependent protein kinase, 31 eventually leading to cell apoptosis once proteolytical activation occurs. 32 Our results detected a marked enhancement of caspase-3, -8 and -9 activities in the Ad-PLCγ2 group compared with that in the Ad-dull and the control groups, thus reconfirming that PLCγ2 may enhance apoptosis in rat hepatocytes.
MAPK is composed of a family of serine/threonine kinases that mediate various signalling pathways. 33, 34 Amongst the MAPK family, p38 and JNK are considered as two important pathways involved in the induction of cell apoptotic death. 35, 36 PKC is a family of enzymes that consist of at least 12 members and is involved in the phosphorylation of other proteins. The different PKC isoforms play specific roles in signal transduction. Evidence has proven that, among the PKC family members, PKCD participates in the activation of p38 and JNK. 19, 20 In this current study, Western blot analysis revealed that when the phosphorylation level of PKCD was elevated due to the overexpression of PLCγ2, the levels of both p-p38 and p-JNK also significantly increased in rat hepatocytes in vitro. Furthermore, the inhibition of p38 and JNK MAPKs activities by the PKCδ inhibitor Go 6983 strongly suggested that PLCγ2 could induce the activation of p38 and JNK through phosphorylating PKCD.
Our further studies showed that after the suppression of PKCD activity by its inhibitor, the degree of apoptosis in rat hepatocytes was apparently improved in the Go 6983-pre-treated cells infected with Ad-PLCγ2. In particular, MTT result showed that cell viability in hepatocytes was significantly recovered after Go 6983 pre-treatment;
BrdU incorporation and Hoechst staining assays indicated that compared with Ad-PLCγ2 group, the proportion of DNA synthesis phase cells was obviously increased, and that of the apoptotic cells was significantly decreased, as observed by their normal morphology in the Go 6983-pre-treated group; FCM analysis also showed that there was a significant increase in the S-phase cell fraction, while there was a marked decrease in the G1-phase cell number and apoptotic rate after pre-treatment with Go 6983. The above results from this present study reconfirm that PLCγ2-induced cell proliferation inhibition and apoptosis were reversed by Go 6983, indicating that PLCγ2 is involved in hepatocyte apoptosis by activating the PKCD-dependent p38 and JNK MAPK signalling pathways. These results reinforce the conclusion drawn from our previous findings obtained by RNA interference technology.
As far as we know, in this study we first confirmed that PLCγ2 expression can inhibit hepatocyte proliferation while promoting apoptosis in rat hepatocytes in vitro. We also demonstrated that the T A B L E 3 The impact of PLCγ2 on the apoptotic rate and cell cycle distribution of rat hepatocytes with or without Go 6983 pretreatment
